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Basic properties

lon Cyclotron frequency f

B Z
W = 27'[f = de = 2 (15.25 MHz per Tesla for H)
my A

Resonance location for given frequency ( for tokamak R dependence of B-field)

15.25B,(T
eNw. X Ry X N X (Z/A); X —mme
f(MHz)

R|

- Frequency of launched waves by ICRH antenna
- For fixed antenna frequency and B field, resonance location
determined by Z/A of the respective ion.

ICRH Is a flexible method:
- heations with given Z/A as w ~ (Z/A)

- heat ions at specific location as w ~ (B,/R)
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Phasing of antenna straps and k; value

Strap current phasing determines dominant k;, and wave directivity

Symmetric wave propagation Asymmetric wave propagation
0
0
RF current 0 /2
. Tt
in strap -
Magnetic

field

Fast magnetosonic
waves excited

in plasma k, is the component of the wavevector parallel to the magnetic field
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Coupling depends on edge density profile and k, value

IUustrated by 2 density profiles Wave Propagation through

‘Broad’ Prof”e Fast Wave 5 I' | evanescence layer
13,5 ™ SR density cut-off ... Antenna front

locations position oc exp(-o [kl Leyan)

‘ 5 i a~1

13_ _______ : \ L., €vanescence length
N Ne cutort (K=9M™") Y from antenna up to n ¢ o
i j : , .
S \ o I > ‘slim’ profile: larger L.,
gl U - — % > coupling less optimal
L
S ‘Slim’ Profile
o 12F N e i
ke | ; Absorption at plasma « k;

.o """""""""" """""""" ne cut-off (k|| =2m"" )
11/ ‘
0 0.05 0.1 0.15 0.2 0.25
XsoL (M)

Gas puffing in front of antenna helps to improve RF coupling
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ICRH system in W7-X

A two-strap antenna without Faraday Screen

— 3-D shaped (aligned with the LCMS for
the standard configuration)

— flexible RF current phasing between the straps
(k-spectrum and coupling)

Frequency range f= 25-38 MHz

Pulsed mode operation: up to 10s (every 3 minutes)

Main Aim: fundamental test of the confinement of
fast particles in view of a future Helias fusion reactor

J.Ongena et al., Phys. Plasmas 21, 061514 (2014)
B.Schweer et al., Fus. Eng. Design 123, Pages 303-308 (2017)
D.A. Castario Bardawil et al., Fus. Eng. Design. 166 112205 (2021)
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kII spectrum of the W7-X ICRH antenna

0.18 ! ! ! .' !
Ra(k i i i i . .
0.46F (”) -------------- T T coaxial modes | Phasing Dl?mlnﬁnt
~ single strap kl=sko=w/c - 1 (m™)
0.14p . [~ o S 00 3 B**
e e 18
Onm/2 § 0-m/2
Odp VN AR Q7 ] 0 +m/2 6.2%
0.08 | : 14
0.06
0= 10
0.04
** coaxial modes strongly excited
0.02 * coaxial modes somewhat excited
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Specific properties of the ICRH antenna
for Wendelstein 7-X
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To improve coupling to all magnetic configurations in W7-X
> Radial displacement of the antenna
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Inward_shifted

333 mm

211 mm

Low_shear

10

Heat flux [MW]

04

Radial displacement of the
antenna: up to 35cm

Thermal load on the antenna:
steep increase as a function of
the radial position

—e— Standard

—-e— Low iota

—e— High iota
High mirror

Antenna far from plasma Antenna close to plasma
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Improving the coupling for all magnetic configurations
> local gas puffing at the antenna

Rigth side of antenna Left side of antenna

| e—

Piezo valve i
Center injection

- : A 2 & : 7 : "
“High lota” C -y | i\ & S Low iota

Gas prf in ph el Z 1 ' 7 Top-bottom Gap
equatorial gap ' |l Above and below

Holes in the
red circles

Maximal flux: 6mb liter/sec ~ 5 102° particles/sec
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Profile measurements in front of antenna with reflectometry

Use of X-Mode-Polarisation in the E-and W-Band at 2,5 T
To measure the density profile in front of the antenna

W7-X EJM+252 @ ¢=12.8°

T T T | T T T
10" W7-X B=25T
il _ R o B B B e e e o e e e e S NS e e e
0.8~ - T -]
0.6 - 6l ]
04} ~ L ]
_ 02 / - [ 88-110GHz
= c’ 4 -
0.__ __________________ o o o oy e - - - p— -
*"—‘_’ E _
ozf E-band
2 67.2 - 90 GHZ|
0.4} & . \ 67- ;
1 \ -
0.6 - - i \
08 o 01111\1 1]
0 0.1 0.2 03 04 05 06
rre"(m)
% ] ] 1 1 | l |
4.8 5 52 54 56 58 6 62 64

R (m)
Electron density profile recorded for 2.5ms (50us one profile) for a time interval of 100ms
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Example density profiles before antenna measured during ICRH

Density up to 3 10" m?3
t=3s/3.6s, with ICRH

20230330.040
T T

&5 58]

ne(lO]gm‘S)

330.042

t=4s, with ICRH

Density up to 2.5 10" m3 -

19
ne(IO o

ne(lolgm'3)

Density up to 2.5 10" m*3
t=4s, with ICRH

20230330.041

1 L L
5.8 5.9 6 6.1 6.2 6.3

20230330.051

Density up to 2.5 10" m*3
t=4s, with ICRH

D
R(m)

The reflectometer is also available outside ICRH operations
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Details of matching system

Flexible system for 1 or 2 generators with elimination of cross-coupling
Cross-coupling between straps ~ Sin(49)

To RF generators

To torus hall

Decoupler Cross-coupling maximum for 4® = +-90°
Page 12 Cross-coupling minimal for A¢ = 0°, 180°



Demonstration of technical capabilities in OP2.2



400 kW, ~1 s : plasma startup realized

Power at antenna

0.5,

P [MW]

0.0

420 kW P2 . (MW) Gen 2:

o = appro d
320 k\} —— XP_20241015.32 :
—— XP_20241015.36
220 kW — xp 20241015.37 I
02 04 06 08 1.0 1.2 1.4
t-tg [s]

Monopole configuration, 25MHz, 1.7T, H plasma

Line integrated density

T S
ndl:
—— XP_20241015.32
— XP_20241015.36
— XP_20241015.37

18 -2
N [100 m ]
o H N W S W,
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400 kW, ~1s : plasma startup realized !
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450 kW ICRH power for 6s, without breakdowns at antenna

450kW constant ICRH power launched for 6s
XP 20241017.33 | Physics W7X Power | UTC: 10:26:49

T T

0-5‘_! T T T ]
0.4 F - ) — [PICRA

0.3
0.2
0.1

0.0:‘ " L i i i | i i i i | i i i i | i L i i L L i L i L i i
3 - 5 (V] 7 8 9

t- tre [5]

P [MW]

Dipole configuration, 25MHz, 2.5T, H plasma with *He

Power modulation at antenna (500kW)
06 XP 20241017.44 | Physics W7X Power | UTC: 11:18:41
0.5 ,
0.4 F )
0.3 F ;
0.2 ;
0.1F | 4
) ) PSS A ——— 3

e p— PICRH —f

P [MW]
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500kW ICRH power modulation during 9s
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Fast particles generated with ICRH in W7-X

W7-X 20241017 045 | UTC: 11:24:05| TO: 1729164245918000000

4
= ? e
— Prag
20241017.045 KIM008+2520 = i L i
T T T T T 0
2 5 S
Modulated — ECRH| ¢ ER N
Fini (M) 1' ICRH 1l=—ICRH | = =i
< 1 —— n setp. (div.)
O I I I ll I ] : 0 T
DIV_gaS 3F _ ° Teo(Ts)
V) g m—
0‘ 320 R o
n > ZWwo w S
eavg 5 2.8 - P 4 ; , , . e |
(10 m )24 280 [kJ] :‘: 3E 7 Waa ) —— H/(H+He) line int. ratio
2.0 ——— 260 £ h \
2
3} Fast particles - (1J : ' : 0
detected —s1 = e,
I'NiEs-FiLD 2 —— 82 5 — core rad.
(LA) — 83| %
1 8 o A . .
3T T T T T
O . 2 = lor
<
3 4 5 6 7 8 9 = |
Time (S) e (M+2521 wix ref 337] (trim: -32 84 84 -32 -104)
200 20 40 60 80 100 120 140
But no clear increase in stored energy ttulel
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IPP colleagues involved in FILD project



But heating (albeit small) seen in ICRH experiments before (Feb/Mar '23)

With single strap (~monopole phasing) antenna

XP_20230330.35 | Physics parameters | UTC: 11:07:04 | TO: 1680174424234000000

2 MW ECRH — P.ECCRRHH ]
-l o 660 kW ICRH
ol 68710/ . L. . 32010 |

Increase in the energy stored
in the plasma

At constant density
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Heating and fast particle generation with ICRH
in toroidal systems



Heating In single and two ion plasmas

Correct polarization determines wave absorption

w = chi : Pabs,i X |E_|_JN_1(I<3J_pL) -+ E—JN+1(kJ_pL)|2

cold plasma, N=1: kipr<<1: Jo=1, Jyv < (kopp)Y <« 1 —> P, * i

/5

+

E. and E. components of RF electric field
ty

E. > ion rotation direction

E. > electron rotation direction
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Heating In single and two ion plasmas

Correct polarization determines wave absorption

2
w = Nwyg; : P.si < |Eidn_1(kLpr) + E_Jni1(kLipr)|
2
cold plasma, N=1: kip,<<1: Jo=1, Jnv x (kop)N <« 1 — P, x<|E,
From Maxwell equations:

. . E -
Electric field polarization at — = a
resonance position E_ w+ .,

depends on plasma composition \ w = frequency

applied at
the antenna
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Heating In single and two ion plasmas

Correct polarization determines wave absorption

w = Nwyg; : Popsi o< |E dn—1(kipr) + E_JInii(kipr)|?
cold plasma, N=1: kip,<<1: Jo=1, Jnv x (kop)N <« 1 — P, <|E, :
From Maxwell equations:
. . E -
Electric field polarization at — = a
resonance position E| |w+w,.
depends on plasma composition \ w = frequency
1. Single ion plasma i heating  |£+| _ ‘wci —weil g applied at
does not work at v = IO Wei + Wei the antenna
2. Need two ions in plasma E.

1
e.g. minority heating (H)-D; E_ 3

minority at a few %: v = .

~ I‘-‘-’CH - ch' L ‘zch - WCD‘

WeH _|_ WeD 2ch _|_ WeD

N —1
N +1

E_

3. Harmonic heating w = N a

Y

chi _|_ Wei

Page 23 J.Ongena et al., Plasma Phys. Control. Fusion 59 054002 (2017)



Fundamental heating of single-ion species plasmas does not work

L

Hydrogen plasmas (nu/n. = 100%) L
- 1 1 =
: 0 =
~— 6 F :
g 4f !
Q 2 i
0 F L1
— 5 il
g 4
‘:I’: 3 N 1
E 2 . !
o 1E 0.7MW ! ! .
0 1 " 1 | 1 | ' 1
3.0 T T T T T T T
— . B 1 1 1 —
T 20| - ! !
= ) 1 1 1
2 w0l i ]
0.0 1 L :. | : | |:| 1
| AR USRS
o 1.0 1 1 1 ]
= osf ! | | .
0.6 © N : e a1 3 & 5 5 : P B : PR SN
13.0 14.0 15.0 16.0 17.0
Time, t(s)

JET pulse #91618, ICRH power: 0.7MW — 2.2MW — 3.2MW — 4.2MW

Plasma response: AT, = 0, AW, =0

E. ~ 0, thus as P,,s,~ |E.|? ~ 0, i.e. heating effects are possible !

Fundamental ICRF heating of single ion plasmas DOES NOT WORK
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Physics of ICRF heating
at the fundamental frequency of the minority
in two ion plasmas

Importance of the ion-ion hybrid layer
and its location in the plasma cross-section



Heating scenario’s in two ion plasmas

@® Two ion species (Z/A), and (Z/A),

@® Two ion cyclotron layers:
w R wer andw = weo
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Heating scenario’s in two ion plasmas

5R2/Ric,2 ~ \/§k||'vth,2/w

‘ 5R1/Ric,1 ~ \/ik”'vth,l/w

@® Two ion species (Z/A), and (Z/A),

i N
' ’ '
Lop o . v & .
' , ' (O ¢ |
' . \
' ' ' T \
o0 . R . L]
Lo ' ' '  DEEEEEN ', ]
' i ' .
[ y @ ;' . .
' ' ¢ ' [
: i (T A r B N '
' N i ' T o
T \ ;¢ .
v b e s , ¢ . ' ~ ~
R AN < /. ~ 1 ~~
v v . - o B -
. v A S A B

@® Every IC layer has a natural width R, >

For particles with T~ 2 keV in W7-X
OR;,=fewcm

Page 27 Ye.O. Kazakov et al., Nucl. Fusion 55 032001 (2015)



Presence of “ion-ion hybrid layer” in two ion plasmas

“lon-ion hybrid layer” or IIH: short for the combination of
L-cutoff and associated evanescence zone

> Located in between the two resonance layers
> Polarisation of RF electric field is mostly E,: ideal for heating ions

k1 (R)

Absorption zone
for resonant ions

Evanescence L-cut-off

layer

C

*
lon-ion hybrid
layer

€
I
&
\V)
3
|
£



Heating scenario’s in two ion plasmas

Ric,2 RIC 1
| I v' N=1:lon absorption due to E,
I : Poys o< |EyJo(kipr) + Emﬁ ~ |E.|?
|

A “Hlayef \ v lon-ion hybrid layer, with large E,:

in between R, and R, ,

'
:::::

w:wcl

. 7 - - e S . Do Sig \ \
— O O - N W S .
‘. c Z . o2 oz RS ~ RS
7 ’ 4 . . e E Ty R S
’ . . . 2 — .. < S o
¥ ’ ” B - N ~ " N
’ ’ . . W S ~ .

o Importance of presence of IIH:
W= W\ RF electric field circularly polarized
in rotation direction of ions
> jdeal for ion heating

Page 29



Minority heating in two ion plasmas

| | v N=1: lon absorption due to E,

| |
| Pa o | By Jo(kopr) + B Ltk Tpn)|* = | B4
|

v lon-ion hybrid layer, with large E,:
in between R, and R, ,

v' At low minority concentration:
ion-ion hybrid layer
close to minority resonance layer

v Minority ions get efficiently heated

s a L o P ———— s N S S
. . - - i S S Sre < \
. . . O B - S R S O, -
. z % . 2% S ETT ~ NS
, 4 K , . - . <. S R
7 . . > — -~ S
4 ) / ’ . . i e N R
! ’ ’ . 4 e e S ~ S

4He ~ 100% H ~ few % Minority heating
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Mode conversion (electron heating) in two ion plasmas

Ric,2 Ric,1
IS v N=1: lon absorption due to E,
lIH layer
| Y : Paps < |EqJo(kLpL) + EWP ~ B,
N

v lon-ion hybrid layer, with large E,:
in between R, and R, ,

v At higher minority concentration:
ion-ion hybrid layer moves
away from minority resonance

. . - o Sad O e S My .
s a L o P ———— s N Vs N
2 2 > - oz So S S ~ \
. . . O B - S R S O, -
) . . . o7 SR S ~ R s N N
’ ’ g . . Ehs N g S S N \ \
, / PA e = ~. ry N \ \
! 4 , ’ ’ . i s b S . N \ \ \

“He | H 1 Electron heating
(by Mode Conversion)
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3-ion heating in W7-X



The beautiful physics of 3-ion heating

Ric,2 Ric,1
IS v N=1: lon absorption due to E,
lIH layer
| Y : Paps < |EqJo(kLpL) + EMP ~ B,
N

v lon-ion hybrid layer, with large E,:
in between R, and R, ,

v At higher minority concentration
ion-ion hybrid layer far away
from minority resonance

2 - - o Spf FETETEEG 2o ey S &
2 o - uore SR O S~ S S N
. 2 P - ik Sl S S S \
. . . O B - S R S O, -
/ 7 - - - S5y N N
’ . P 2 = ~ " . N
’ ’ oL Z . Pid e g S S N \ \
, / : )’ o — = ~. ry N \ \
2 > s ~ N \ \ \
! ’ ’ . . @i s ~ B

“He | H 1 How to heat ions?
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Use a suitable ion that resonates at the ion-ion hybrid layer

Ric2 Ric 1 1. Use a third ion with resonance layer at
IIH layer the ion-ion hybrid, i.e. in between the main
plasma ion resonances:
> (ZIA), < (Z1A); < (ZIA)4
> Hence only 3He is possible as third ion in
“He-H two ion plasmas

H 2. Choose plasma composition such that the
/ ilon-ion hybrid coincides with the (fixed position) of the
' resonance layer of 3He

w:wcl

2 Z P e SR O S S S N
2 Z > - P S S S N \
. . . . B B - B D N . . .-
” - - - - S5 N S

’ . P 2 % ~ N . \

’ ’ L a . Pid = e g S S \ s \
/ . . > — -
’ = ~ ~ \ \ \
¥ ’ ’ ., . - RN ~ A \ \ \ y
! ’ ’ . 4 . @i s ~ B

In this way:
“He-H ~ 15%:70% mixture maximizes E, polarization
at the position of the 3He resonance

w:wC2

‘He ~15% °*He ~1% H~70%
ZIA=1/2 ZIA=2/3 2ZIA=1 Ye.O. Kazakov et al, Nature Physics 13, 973-978 (2017)
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Location of the lIH layer determined by plasma composition

Estimated shift between lIH layer and minority resonance

H-(3He) scenario at 256MHz: ~ 3.3cm for every % of 3He

4“He-(H) scenario at 37.5MHz : ~ 1.5 cm for every % of H
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lllustration for the *He-(H) scenario
with a 2D cold plasma model (C.Slaby)



“He-(H)
3% H

1.00
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0.50 A
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z/m
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—0.50 A

—0.75 A

—— ICRH resonance
—— Evanescent layer
— L-cutoff

-1.00
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“He-(H)
4% H

1.00

0.75 A

0.50 A

0.25 A

0.00 A

z/m

—0.25 A

—0.50 A

—0.75 A

—— ICRH resonance
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— L-cutoff

-1.00
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“He-(H)
5% H

1.00
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“He-(H)
7% H

1.00
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—0.75 A

—— ICRH resonance
—— Evanescent layer
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Page 40

4.5

5.0

5.5

R/m

6.0

6.5 7.0

-2.8

27

2.6

2.5

2.4

2.3



“He-(H)
10% H
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“He-(H)
15% H
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lllustration for the H-(*He) scenario



H-(°He)
1% 3He
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H-(°He)
2% 3He
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H-(°He)
4% 3He
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H-(°He)
6% 3He
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What does this mean in practice for W7-X ?

Estimated on the basis of the width
of the resonance layer:

H minority in 4He for up to ~ 5-6 % H in “He

3He minority in H for ~ 2-3% 3He in H



Estimates fit with results from JET for H-(3He) heating

Optimal ICRH power deposition at 3He concentration of ~ 2%

Pulse No: 63322: +90°
(®He)H 3.6T / 2MA 37MHz

i

P

=
o R I

Nape/Ne (%) Te (keV)

Time (s)

M.Mayoral, Nucl. Fusion 46 (2006) S550-S563
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ICRH Operations in OP2.3

lon Cyclotron Wall Conditioning
“He-(H) heating experiments
Plasma Startup ICRH + NBI
H-(3He) heating experiments



Consequences for operations

Given the reduced sensitivity on the minority concentration :

- “He-(H) heating should be demonstrated first.

Need a machine with plasmas containing nearly pure “He
- Wall loaded with “He :

ICWC should also be tested -> more homogeneous, more efficient ?
- Need precise and reliable H concentration measurements

For testing H-(3He) plasmas :

- Need precise measurement of 3He concentration in a “He plasma:
Chris Klepper and colleagues, ORNL, together with IPP colleagues

Page 51



Consequences for operations

Ideal sequence of operations
15t set of experiments (1 session?) : ICWC

2"d set of experiments (2 sessions?) : “He-(H) at the end of a 4He week (or weeks)
- First wall should be free of H
- Using a well calibrated gas inlet (at antenna ?) and precise

concentration measurement. Preceded by ICWC pulses.

3 set of experiments (2 sessions ?) H-(3He)
- Only feasible if we have a precise 3He concentration diagnostic

4t set of experiments (1 session) ICRH startup followed by NBI takeover

3-ion heating experiments “He-(3He)-H will need:
- Precise H and 3He/*He measurements

ICRH sessions should be under the exclusive control of the ICRH team
Interleaving with other experiments must be avoided to ensure

that the plasma conditions remain stable and under control.
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